The aim of our study was to investigate if the thyroid axis of newborn calves is affected by prenatal application of propylthyouracil (PTU). The study included 20 late pregnant Holstein cows. One group (n=10) was treated with PTU (4 mg/kg of BW daily) from day 20 before expected calving until the day of calving. The other group (n=10) was non-treated. Placental samples of dams were obtained for measuring mRNA expression of iodothyronine deiodinases type I (D1), type II (D2) and type III (D3). After parturition calves were separated from the dams and included in the study. Blood samples were taken daily from each calf starting on the day of birth until day 7 of age. Blood T 3, T 4 and TSH concentrations were measured. PCR analysis of the placental tissue revealed an abundance of all three types of placental deiodinases in non-treated cows, and a signifi cant elevation of mRNA levels for all three types of deiodinases after PTU treatment. Calves that originated from dams treated with PTU had signifi cantly lower T 3 and T 4 and signifi cantly higher TSH concentrations compared to non-treated calves during the fi rst 2 days of life. Starting from day 4 until day 6 of life the opposite effect was observed meaning that calves prenatally exposed to PTU had signifi cantly higher T 3 and T 4 and slightly lower TSH. Our study, for the fi rst time, provides information related to iodothyronine deiodinases mRNA expression in bovine placenta, and confi rm that PTU treatment of pregnant dams provokes depression of thyroid function in newborns during the fi rst days of life.
INTRODUCTION
Thyroid hormones (THs) , that include thyroxine (T 4 ) and triiodothyronine (T 3 ), are crucial regulators of growth and development of fetal and neonatal calves [1] . Their secretion is under regulation of the hypothalamic-pituitary-thyroid axis that is active during both prenatal and postnatal life [2] . Fetal thyroid status is under a strong infl uence of the maternal thyroid axis due to the fact that the placenta is permeable for iodine, thus improving fetal TH synthesis [3, 4] . There is evidence that maternal T 4 can cross the placenta in humans [5] and may modulate fetal development before, as well as after, the onset of the fetus's own TH production [6, 7] . Not much T 3 is transferred from the mother to the fetus in humans [6] . Up to our knowledge, there is no evidence about TH transfer through the placenta in ruminants. The placenta contains three types of iodothyronine deiodinase that may modulate fetal TH metabolism and activity due to the fact that the placenta receives a relatively large proportion of fetal cardiac output [8] . Iodothyronine deiodinase type III (D3) is most dominant in the placenta and it metabolites T 4 to reverse T 3 (rT 3 ) during pregnancy. Iodothyronine deiodinase types I and II (D1 and D2) primarily convert inactive T 4 to active T 3 , although research has also shown that D1 might inactivate T 4 [9] . D3 is more active in the early pregnancy period, protecting the fetus from excessive TH activation, while D2 increases its activity with gestational age leading to a prepartal surge in plasma T 3 .
The high level of fetal TH that maintain in the blood after birth provoke high levels of T 4 and T 3 in 1 day old neonatal calves [10] . During the next several days, TH concentrations signifi cantly decrease [11] . Although, hypothalamic-pituitary-thyroid axis is functional at birth there is a strong evidence that it is immature. Thus, Davicco and coworkers (1982) [12] showed that THs secretion stimulated by TSH results in signifi cantly higher plasma THs concentrations in 21 days old than in 3 hours old calves, indicating on lower receptor abundance for TSH during the early postnatal period. Consequently, authors concluded that fetal thyroid axis is essential in providing suffi cient amounts of THs for early postnatal development [12] . It is well known that the degree of maturation of the thyroid axis at birth is essential for an adequate response of the newborn to environmental conditions immediately after birth [1, 13] .
Hypothyroidism is the most frequent type of thyroid disorder in neonatal calves [11, 14] . Offspring hypothyroidism in the fi rst days of neonatal life is usually caused by maternal hypothyroidism that is combined with fetal hypothyroidism.
Hypothyroidism in cattle may be induced by 6-propylthiouracil (PTU), which is a well-known chemical inhibitor of the thyroid function on both central (thyroid gland) and peripheral level [15] . On the central level, it inhibits thyroid peroxidase enzymes activity responsible for TH formation, while on the peripheral level it suppresses the conversion of T 4 to T 3 by blocking D1 function [16] . PTU effect is dose-dependent and reversible [17] . It was earlier proved that PTU in doses of 4 mg/kg body weight (BW), by acting on central and peripheral level, signifi cantly decreases both T 4 and T 3 in dams treated in daily fashion [18] [19] [20] . Doses of 1-2 mg/kg BW per day only inhibit the peripheral conversion of T 4 in T 3 [21, 22] . Unlike D1, D2 and D3 are insensitive to PTU. PTU may readily cross human placenta and suppress fetal thyroid hormone secretion [23] [24] [25] , in the same manner as in older ruminants [26] .
Up to our knowledge, no studies have been published to date to assess the exact rate of neonatal hypothyroidism in calves after prenatal exposure to PTU. The objectives of the present study were to evaluate whether in utero exposure to PTU induces neonatal hypothyroidism in calves, and to explore the underlying mechanism of its action.
MATERIALS AND METHODS

Animals and treatment
Twenty Holstein cows averaging 600 kg of body weight (BW) were selected and placed in the study on day 20 before expected calving. Thereafter, cows were divided into two groups of equal size (n = 10). One group was treated with PTU and the other was non-treated. PTU (Sigma Chemical Company) was fed 4 mg/kg BW daily from day 20 before expected calving until the day of calving. Daily amounts were mixed with 25 mL of maltose syrup as a carrier and applied orally 4 hours after the morning feeding. Non-treated cows received only 25 mL of maltose syrup once a day. Cows were weighted on the beginning of the study. About 5 days before parturition, cows were moved to maternity stalls. After parturition calves were immediately separated from the dams and placed in individual boxes in a byre where the temperature ranged from 15 to 20 °C. Calves were divided in two groups of equal size. First group (n = 10) that originated from dams treated with PTU was marked as PTU-treated and the other group that originated from non-treated dams was marked as non-treated group.
The animal-related component of the study was approved by the Ethical Committee of the Faculty of Veterinary Medicine, University of Belgrade in accordance with the National Regulation on Animal Welfare.
Placental collection and analysis
After parturition, placental samples were obtained. Placentas were washed with cold (4 ºC) tris-buffered saline (TBS) solution to remove maternal blood contamination. For analysis caruncles (maternal placenta) and cotyledons (fetal placenta) were manually separated, vascular and connective tissues were removed and divided into small pieces (< 75 g.) One set of samples was snap-frozen in liquid nitrogen before storage at -80 ºC for measurement and RNA assessment.
RNA extraction and reverse transcription
Total RNA from placental tissue was extracted using TrIzol ® Reagent (Invitrogen, Life Technologies USA). Briefl y, tissue was weighed and homogenized in 1ml TrIzol ® Reagent per 100 mg of tissue using Potter-Elvehjem tefl on-glass homogenizer. Homogenates were then incubated at 30°C for 5 min, 0.2 mL of chloroform was added and the homogenate was shaken vigorously 15 s and incubated for 3 min at 30 °C. Samples were centrifuged at 12,000 g for 15 min at 4°C. The aqueous phase, containing RNA, was mixed with 0.5 mL of isopropanol, incubated at 30°C for 10 min and centrifuged at 12,000 g for 10 min at 4°C. the resulting RNA pellet was re-suspended in 75% ethanol, centrifuged (7,500 g, 5 min, 4°C), dried on air, and dissolved in 100 μl 0.1% diethylpyrocarbonate (DEPC)-treated water. For the synthesis of cDNAs, a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) was used. Namely, 2 μg of total RNA was reverse transcribed using MultiScribe™ Reverse Transcriptase (50 U/μl) in the presence of 2 μL Random Primers, 0.8 μL 100 mM dNTP Mix, 1 μL of RNase Inhibitor and 10xRT Buffer in a fi nal volume of 20 μL. The cDNAs were stored at -20 °C.
Semi-quantitative PCR
Specifi c primers were
For each set of primers control experiments were performed, to defi ne the linear range for PCR amplifi cation. As additional controls, PCR reactions lacking only the template were run for each set of reactions. For polymerase chain reaction (PCR), appropriate dilutions of cDNA samples were mixed with PCR buffer containing 0.2 mM dNTPs, 2 mM MgCl 2 , 0.25 μM primers for D1, D2, D3 and ATP5B, and 2U Taq polymerase in a total volume of 25 μl. cDNAs were amplifi ed in Eppendorf Mastercycler® for 30 cycles using the following conditions: denaturation 94 °C/45 s; annealing 60 °C/1 min (D1), 59 °C/1 min (D2), 55 °C/1 min (D3) or 59 °C/1 min (ATP5B); extension 72 °C/1 min; fi nal extension 72 °C/8 min. PCR products were electrophoresed on 2% agarose gels together with a MassRuler™ Low Range DNA Ladder, 50-1500 bp (Fermentas), and visualized under UV light using ethidium bromide. The intensity of PCR products were measured with an image analysis system GelDoc 1000 (BioRad, Hercules, CA).
Blood collection and analysis
Blood samples were taken daily by jugular venipuncture from each calf starting the day of birth until 7 days after calving. Samples were obtained with a sterile needle, collected into tubes and allowed approximately 30 min to clot spontaneously. Samples were subsequently centrifuged at 1,000 g for 20 minutes, and the serum was collected and stored at −18 °C until analyzed. To compare hormone concentrations without infl uence of daily rhythms, samples were taken 4 to 6 hours after morning feeding. TSH concentrations in the blood serum were measured by a quantitative enzyme immunoassay technique using ELISA kit (Endocrine, USA). The T 3 and T 4 concentrations in the blood serum were measured by radioimmunoassay kit (RIA; INEP-Zemun, Serbia) validated for use with bovine serum. The mean intra assay coeffi cients of variation (CV) for duplicate samples were 4.1% and 3.5% for T 4 and T 3 , respectively. Inter assay CVs were below 10%
Statistical analysis
Results were subjected to statistical analysis using the Statistica package (Version 6.0). Data were subjected to repeated-measure ANOVA with 3 variables (calf, treatment, and time as a split-plot on the random treatment) to analyze the difference in each group according to time sampling. When "F" for treatment, time, or interaction showed statistical signifi cance (P < 0.05), differences between mean values of different groups at the same time sampling were evaluated using the least signifi cant difference (LSD) test.
RESULTS
mRNA level of D1, D2 and D3 in placental samples of dams PCR analysis of the placental tissue revealed signifi cant elevation of mRNA levels for all three types of examined deiodinases after PTU treatment. Namely, both activating deiodinases (D1 and D2) had signifi cantly increased mRNA level detected in PTUtreated dams compared to non-treated dams (Figures 1 and 2 , *p<0.05 and ***p<0.001, respectively). Interestingly, mRNA level of D3, which is an enzyme involved in the inactivation of thyroid hormones, was also signifi cantly elevated in placental samples of dams treated with PTU ( Figure 3 , **p<0.01). 
T 3 , T 4 and TSH concentrations in calves
Treatment of dams with PTU has a signifi cant impact on T 3 and TSH values in their calves. No signifi cant effect of treatment on T 4 concentrations was observed. Concentrations of T 3 , T 4 and TSH signifi cantly changed with the age of calves. The signifi cant treatment time interactions for all three measured hormones indicate on different directions of hormonal changes within groups (Table 1) .
T 3 concentrations in non-treated calves were highest on the day of birth and then signifi cantly decreased (Table 2) . On the contrary, in the treated group, initial T 3 value at the day of birth was lowest and then increased. T 3 concentrations were signifi cantly lower in the treated compared to the non-treated group on the day of birth, but signifi cantly higher in treated compared to non-treated groups from days 4 to 6. In one week old calves, no signifi cant difference in T 3 concentrations was observed between groups, although the values were higher in treated compared to non-treated calves. Similar trends of hormonal changes, as for T 3 , were observed for T 4 ( Table 3) . As expected, an opposite effect of treatment was established for TSH (Table 4) . Treated calves, compared to non-treated calves, had signifi cantly higher TSH concentrations until day 3 of age. Thereafter, TSH concentrations were slightly lower in treated compared to non-treated calves. 
DISCUSSION
According to our results, PTU treatment during late pregnancy had a signifi cant impact on the thyroid axis in newborn calves.
The thyroid status of neonatal calves, presented by blood TH concentrations, was studied by many authors [27] [28] [29] [30] . It was established that serum T 4 and T 3 in calves aged up to 7 days, are signifi cantly higher than in adult cows [11] . It may indicate on high neonatal storage of THs that are readily available after birth, meaning during the critical time for survival [31] . Similar results were observed in our study for the nontreated group of calves.
On the contrary, the newborn calves from dams treated with PTU, had signifi cantly lower TH concentrations until the second day of neonatal life, compared to nontreated calves. Many authors proved that PTU readily crosses the human placental barrier [23] [24] [25] and higher concentrations of PTU were detected in the umbilical cord than in the mother's blood [36] . It may explain the higher risk of hypothyroidism in human fetuses from mothers exposed to PTU treatment [37] . Dose and frequency of application are the predominant factors that infl uence PTU concentration in the fetus [38] . Some studies showed that PTU could be highly accumulated in the human fetal thyroid tissues [39] . Since Horger and coworkers (1976) [26] suppressed TH secretion in pregnant sheep that orally received PTU, and induced fetal goiter, it may be considered that there is tranplacental passage of PTU in ruminants. Additionally, Rumsey and coworkers (1985) [21] concluded that young animals, compared to adults, are more susceptible to PTU treatment. Considering the fact that the thyroid responses to PTU are dose related and that higher doses decrease thyroid gland secretion of T 4 and T 3 , our results obtained in the treated group of neonatal calves indicate that the transplacental passage of PTU during the last 20 days of pregnancy was in concentrations that were suffi cient to induce suppression of fetal thyroid secretion of both hormones.
Due to the fact that there are no data in literature related to PTU induced hypothyroidism in neonatal calves, our results for thyroid hormone levels in PTU treated calves may be compared with those obtained on calves with goiter. Thus, Takahashi at coworkers (2000) [11] showed that newborn calves with congenital goiter had lower plasma T 4 concentrations from day of birth until 2 weeks of life, and lower T 4 /T 3 ratios up to 4 weeks of neonatal life. Lower concentrations of THs in calves with congenital goiter, during the fi rst 24 hours of neonatal life, were observed also by Guyot and coworkers (2007) [33] . In both studies the thyroid depression was explained by iodine defi ciency observed during the prenatal period. Depressed TH concentrations activate feedback mechanisms and consequently induce a marked increase of blood TSH concentration [32] , which was also proved in our study. It is well known that primary hypothyroidism is consistently combined with increased TSH levels [34] . Guyot and coworkers (2007) [33] detected higher serum TSH concentrations in calves with congenital goiter. Hypothyroidism induced by PTU in rats is associated with high TSH mRNA expression [35] . Higher concentrations of THs in treated calves, starting from day 4 until day 6, may be a result of compensatory effects to previous thyroid depression.
The other question important for thyroid status in neonatal calves that originates from PTU-treated dams, besides passage of PTU through the placenta, is related to the effect of PTU on placental deiodination. To the best of our knowledge, there are no data related to the expression and activity of bovine placenta iodothyronine deiodinases. Nevertheless, literature data for iodothyronine deiodinase expression and activity are available for other species including ovine [40] . In this study, we have examined the mRNA level of all three types of placental iodothyronine deiodinases (D1, D2 and D3). It was previously shown by other authors that D3 is predominantly expressed form of placental iodothyronine deiodinase with a potentially benefi cial function for the fetus, since it protects the fetus from the active form of TH [41] .
The present study demonstrates, for the fi rst time, that all three types of iodothyronine deiodinases are expressed in term bovine placenta. Our results related to D2 mRNA expression in non-treated cows are proved by other authors who confi rmed an abundant expression of D2 in the placental samples [40] . It is supposed that the increase of placental D2 activity with gestational age is related to generation of intraplacental T 3 required for increased metabolic demands of tissues [42] . This explanation can be supported by our results obtained for PTU-treated animals. Namely, although D2 is not PTU-sensitive, treated cows showed a signifi cantly higher expression of placental D2 mRNA, due to possibly increased metabolic demands of the placental tissue in cows with hypothyroidism [43] . The same was observed for brain tissue in domestic animals (chicken and sheep) with hypothyroidism [44] . As shown by Dentice and coworkers (2013) [45] D2 performs outer ring deiodination and its expression may be regulated by the concentration of THs. Martinez and coworkers (2013) [46] reported an increased expression of D2 in adipose and muscle tissues in food deprived mammals with decreased thyroid hormones concentrations.
In our study, it was observed that expression of placental D3 mRNA in non-treated cows was very similar to the level of D2 mRNA expression. Research done on other species showed lesser expression of D3, compared to D2, in the near term placenta [47] . This was explained by activation of mechanisms that promote production and reduce the clearance of TH in the near term fetuses. Since there are no data for D3 expression in the bovine placenta there are no comparable results in the literature. Possible explanation of abundant expression of placental D3 in high-yielding cows, as our dams were, might be the fact that these cows are exposed to markedly elevated estrogen levels before parturition which may interfere with the thyroid axis [48] .
On the other hand, PTU-treated cows presented a signifi cant elevation of placental D3 expression compared to non-treated cows. These results may be explained by an assumed higher concentration of placental T 3 induced by increased D2 activity on those cows. It is known that increased tissue T 3 concentration induce increased expression of D3, as was proven for brain tissue [49] .
D1 is predominantly expressed in the liver, kidney and thyroid [50] , but also in rat placenta as confi rmed by Bates and coworkers (1999) [48] . Chan and coworkers (2003) [51] reported that expression of D1 in the human placenta was on the limit of detection in early pregnancy, and was not detectable in the late second trimester and term placenta. Our results showed that D1 was most abundant type of iodothyronine deiodinase in the placenta of non-treated cows. The high expression of placental D1 may be explained by increased level of blood T3 in near term animals, since D1 expression is positively regulated by TH concentrations [52] . Forhead and coworkers (2006) [40] showed that cortisol surge during late pregnancy is an important factor that provokes physiological up regulation of D1 activity in the fetus and placenta toward term. This is, according to these authors, accompanied with a signifi cant increase of blood T 3 concentrations. PTU treated cows showed a signifi cantly higher expression of placental D1 mRNA compared to non-treated cows. Increased placental D1 mRNA expression in these cows may be considered as a compensatory mechanism, since D1 activity is known to be blocked by PTU [53] [54] [55] [56] [57] . Additionally, decreased blood T 3 concentration in PTU treated animals, provoke increased D1 expression [58] .
In conclusion, our study for the fi rst time provides information related to all three deiodinases expressions in bovine placenta, and confi rms that PTU treatment of pregnant dam provokes depression of thyroid function in newborns during fi rst two days of neonatal life.
